Adult Drosophila are decorated with several types of polarized cuticular structures such as hairs and bristles. The morphogenesis of these takes place in pupal cells and is mediated by the actin and microtubule cytoskeletons. Mutations in flare (flr) result in grossly abnormal epidermal hairs. We report here that flr encodes the Drosophila AIP1 protein (actin interacting protein 1). In other systems this protein has been found to promote cofilin mediated F-actin disassembly. In Drosophila cofilin is encoded by twinstar (tsr). We show that flr mutations result in increased levels of F-actin accumulation and increased F-actin stability in vivo. Further, flr is essential for cell proliferation and viability and for the function of the frizzled planar cell polarity system. All of these phenotypes are similar to those seen for tsr mutations. This differs from the situation in yeast where cofilin is essential while aip1 mutations result in only subtle defects in the actin cytoskeleton. Surprisingly, we also found that mutations in flr and tsr also result in greatly increased Tubulin staining, suggesting a tight linkage between the actin and microtubule cytoskeleton in these cells.
INTRODUCTION
The actin cytoskeleton plays conserved and key roles in a variety of cellular activities in eukaryotes.
For example, cell migration, endocytosis, cytokinesis and cell shape changes (BAUM 2002; DORMANN and WEIJER 2006; EGEA et al. 2006; ETIENNE-MANNEVILLE 2004; MARSTON and GOLDSTEIN 2006; MATHUR 2006; PILOT and LECUIT 2005; REVENU et al. 2004; RODRIGUEZ et al. 2003; SCHAFER 2004; WELCH and MULLINS 2002) . Among the model systems used to study actin and cellular morphogenesis are epidermal hairs, denticles, laterals and bristles of insects such as Drosophila (BAUM 2002; DICKINSON and THATCHER 1997; PETERSEN et al. 1994; TILNEY et al. 1995; TURNER and ADLER 1998; WONG and ADLER 1993) . These structures have dramatically polarized and reproducible morphologies and their development involves prominent actin filaments/bundles. These properties have facilitated the identification of mutations in genes that play important roles in regulating the actin cytoskeleton. Classic examples include singed (fascin) and forked that encode proteins that bundle actin filaments (BRYAN et al. 1993; CANT et al. 1994; PETERSEN et al. 1994; TILNEY et al. 1995) .
Mutations in these genes result in bent, twisted and shortened bristles, arista laterals and epidermal hairs. In addition to actin, growing hairs and bristles also contain centrally located microtubules (HE and ADLER 2002; HE et al. 2005; PETERSEN et al. 1994; TILNEY et al. 2000; TURNER and ADLER 1998) .
The actin cytoskeleton is dynamic and its polymerization, depolymerization and subcellular localization must be regulated. The conserved protein cofilin is one of the most important regulators of actin filament disassembly (BALCER et al. 2003; LAPPALAINEN et al. 1997; PAAVILAINEN et al. 2004; WELCH and MULLINS 2002) . Despite extensive research some disagreement remains as to the biochemical mechanism by which cofilin promotes actin filament disassembly. The data suggest cofilin mediates both depolymerization at the pointed end of actin filaments and filament severing, but the relative importance of these two activities in vivo is not clear (BALCER et al. 2003; PAAVILAINEN et al. 2004) . Phosphorylation is a known conserved mechanism for cofilin regulation. Cofilin is inactivated by the phosphorylation of ser3, which is mediated by Lim kinase (ARBER et al. 1998; NIWA et al. 2002; OHASHI et al. 2000; PAAVILAINEN et al. 2004; YANG et al. 1998) . In Drosophila this is reversed by Slingshot (Ssh) mediated dephosphorylation (NIWA et al. 2002) .
Consistent with Ssh activating cofilin and promoting actin depolymerization, mutations in ssh result in increased levels of F-actin accumulation in imaginal disc cells (NIWA et al. 2002) . Such mutations also result in shortened, deformed and split bristles, hairs and arista laterals consistent with actin depolymerization being important for the cellular morphogenesis of these structures. The twinstar (tsr) gene encodes the Drosophila cofilin (GUNSALUS et al. 1995) . Mutations in this gene are also known to result in increased levels of F actin in cells (BAUM et al. 2000) and surviving tsr hypomorphs display abnormal bristles (CHEN et al. 2001; WAHLSTROM et al. 2001) . tsr is essential at both the organismal and cell levels. The requirement for cell viability is thought to be due to cofilin being essential for cytokinesis (GUNSALUS et al. 1995; ROGERS et al. 2003) . In contrast to the requirement for cofilin, ssh is not required for cell viability (NIWA et al. 2002; ROGERS et al. 2003) .
This could be a consequence of enough cofilin activity remaining in an ssh mutant to allow cytokinesis or to a different phosphatase providing this function. Mutations in actin Capping Proteins also result in increased accumulation of F-actin and cell death in wing blade cells (JANODY and TREISMAN 2006) and this is thought to be due to effects on epithelial integrity.
In yeast, animals and plants the AIP1 (actin interacting protein 1) protein facilitates the ability of cofilin to promote actin depolymerization (BALCER et al. 2003; CLARK et al. 2006; KETELAAR et al. 2004; MOHRI and ONO 2003; OKADA et al. 1999; OKADA et al. 2006; ONO 2003; ONO et al. 2004; PAAVILAINEN et al. 2004; RODAL et al. 2005) . AIP1 has been found to bind directly to both actin and cofilin, but it is not thought that it has any actin depolymerizing activity on its own (CLARK et al. 2006; OKADA et al. 2006; ONO 2003; ONO et al. 2004; RODAL et al. 2005) . In yeast cofilin is an essential gene, while AIP1 is not. However, a synthetic lethality is seen between cofilin and AIP1 consistent with AIP1 enhancing, but not being essential for cofilin's depolymerization activity RODAL et al. 1999) . In C. elegans there are two AIP1 homologs UNC-78 and K08F9.2 (ONO 2001; ONO 2003) . UNC-78 is expressed in muscle and null mutations result in a severe disorganization of muscle actin and a defect in muscle contractility (ONO 2001) . The second AIP1 gene has not been well studied and an RNAi screen did not detect a phenotype from knocking down the expression of this gene (ONO 2003) . In Drosophila there is a single AIP1 homolog (CG10724), but no functional analysis of this gene has been reported. Reducing Arabidopsis AIP1 expression resulted in a wide range of developmental defects including reduced cell expansion (KETELAAR et al. 2004) . The crystal structure of both the yeast and worm AIP1s have been solved VOEGTLI et al. 2003) . The two structures are very similar and contain 14 WD40 domains arranged in two 7 blade β -propellers. The 14 WD40 domains are conserved in all AIP1 homologs and it is likely that the three dimensional structure is as well.
We report here that CG10724 is the flare (flr) gene, which was discovered more than 30 years ago in a screen for mutations that produced wing hair phenotypes in mitotic clones (GARCIA-BELLIDO and DAPENA 1974) . Indeed, flr has been used as a cell marker in many studies. We show that flr is essential for cell viability, that flr mutant cells show increased F-actin levels and that F-actin in flr mutant cells is more stable than in neighboring wild type wing cells. We further show that tsr mutations produce a mutant wing hair phenotype that is similar to flr. Our data argues these two proteins function together in regulating the actin cytoskeleton in the fly epidermis. Somewhat unexpectedly we also found a marked increase in microtubule staining in flr and tsr mutant cells raising the possibility that some of the phenotypic consequences of flr and tsr mutations might be due to effects on the microtubule cytoskeleton. Consistent with flr functioning to promote F-actin depolymerization we found that FLR did not accumulate specifically in growing wing hairs, which are thought to require active actin polymerization.
Recently it was found that tsr function was required for the function of the fz pathway in the epidermis and the asymmetric accumulation of planar polarity proteins (BLAIR et al. 2006) . We show that flr is also required for the development of normal wing cell planar polarity.
MATERIALS AND METHODS

Drosophila stocks:
Stocks that carried mutations required for generating and marking mitotic clones and stocks used for driving expression of transgenes were obtained from the Drosophila Stock Center in Bloomington. Mutant alleles of tsr (N121 and N96A), ssh (1-11 and 1-63) and CG10724
(EY05812) were also obtained from the stock center. Equivalent results were obtained with each of the tsr and ssh alleles, both of which are reported to be null alleles (NG and LUO 2004; NIWA et al. 2002) .
The presented Figures are of tsr N121 and ssh [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Most of the flr alleles were isolated in our laboratory after EMS mutagenesis. All of the alleles are homozygous lethal, with the exception of flr 4 , which a semilethal.
Clonal Analysis: Somatic clones were generated using the FRT/FLP system (Xu and Rubin, 1993).
Pupal wing clones were marked by the loss of GFP. Unmarked clones were detected by mutant phenotypes.
Cytological techniques: White prepupae were collected and aged until dissection. Immunostaining was done by standard techniques after fixation with paraformaldehyde . Latrunculin A experiments: Fly tissues were dissected in Schneiders medium and then incubated in 50 µ m Latrunculin A, followed by fixation and staining by standard techniques.
Statistical Analyses: When possible groups were compared using either an analysis of variance or a ttest (if there were only two groups being compared). In some cases unequal variance led us to use the non-parametric Mann-Whitney Rank Sum test. The SigmaStat program was used. stood out as an obvious candidate as it encodes the Drosophila AIP1 homolog. We obtained an allele of CG10724 (EY05812) associated with a P insertion into the first exon. This allele failed to complement a series of 5 independent flr alleles isolated in our laboratory. The P insertion allele (henceforth called flr 7 ) was not a null allele and when heterozygous with a weak allele (flr 4 ) isolated in
RESULTS
Identification of the
Charlottesville, a number of adult escapers were obtained. These showed an obvious flr phenotype in the distal region of the wing, with a progressively weaker phenotype as one moved proximally ( Figure   1ABC ). We did not see a phenotype in other body regions, but it is likely that these alleles interfered with flr function in other tissues as flr 4 /flr 7 flies had reduced viability (≈10% of expected). To determine if the P insertion in CG10724 was responsible for the recessive lethality of this chromosome as well as its failure to complement flr alleles we mobilized the P insert and obtained revertants based Genome annotation of CG10724 suggests that it encodes two isoforms that are transcribed from different promoters. The two mRNA isoforms contain different 5' most exons followed by 6 common exons. The two flare proteins are predicted to contain 608 and 604 amino acids that differ at their 12 and 8 amino terminal residues. Our transgenic experiments utilized the 608 amino acid isoform.
The Flare protein: Blast searches showed that flr encoded the Drosophila AIP1 (actin interacting protein 1) homolog. Homologs of AIP1 are found in all animals, in plants, fungi and other eukaryotes and the protein is conserved throughout its length ( Figure S1 ). AIP1 has been extensively studied in yeast and worms (CLARK et al. 2006; FEDOROV et al. 1997; MOHRI et al. 2006; MOHRI and ONO 2003; MOHRI et al. 2004; OKADA et al. 2006; ONO 2001; ONO et al. 2004; RODAL et al. 1999; RODAL et al. 2005; VOEGTLI et al. 2003) .
We isolated and sequenced DNA from three recently isolated flr alleles. The weak flr 4 allele was associated with a change of ser158 to leu. This ser is conserved in all animal flr homologs ( Figure   S1 ) and in homologs from more distantly related organisms such as Arabidopsis thaliana, Physarum polycephalum and Trypanosoma cruzi. Consistent with this being a weak allele the residue is not absolutely conserved with ser being replaced by ala in some fungi. The two strong alleles both encode partial FLR proteins. flr 5 is associated with a small internal deletion that removes the 6th exon resulting in an internal deletion of 76 amino acids, from amino acid 482 to amino acid 558. This removes most of two WD40 motifs. flr 6 contained a nonsense mutation that results in a truncated protein of 541 amino acids that is missing the carboxy terminal 67 amino acids. This region contains 1 entire and part of an additional WD40 motif.
To localize the FLR protein in fly cells we used the FLR::GFP fusion protein.
In pupal wing cells prior to and during hair formation FLR::GFP was preferentially localized to the apical-lateral cell periphery ( Figure 3ABC ) with at most only weak accumulation in the hair. When we expressed FLR::GFP in growing bristles some accumulation was seen in the bristle but it did not preferentially accumulate there as does F-actin ( Figure 2DEF ). The lack of accumulation of FLR in growing hairs and bristles is consistent with the evidence that actin polymerization is primarily distal and that actin filaments and bundles depolymerize in the cell body (GUILD et al. 2005; GUILD et al. 2002) .
The flr mutant phenotype: To better characterize the flr wing hair phenotype we examined both mutant clones and hypomorphic adult wings in the SEM as well as the light microscope ( Figure 1A -F, 2AD). A range of phenotypes was seen. The most extreme cells showed multiple blobs and ridges.
Less severely affected cells showed spikes that resembled small hairs in addition to the blobs and ridges. Still less severely affected cells showed hairs that were wider, often bent and occasionally split.
The weakest phenotype was a hair with slightly bent tip ( Figure 1C , 2A).
Mutations in cofilin are thought to be cell lethal due to cofilin being required for cytokinesis (GUNSALUS et al. 1995) . The ability to recover clones of cells mutant for flr could be due to flr not being required for cytokinesis or to perdurance of wild type protein.
To distinguish between these possibilities we generated flr clones at various times after egg laying (ael) and compared clone size and frequency. As a control we used multiple wing hairs (mwh) as this gene is also located on 3L, is a good cuticular marker and is not essential. As development proceeds the number of cells in the wing disc increases and this results in an increase in the frequency of clones induced at later stages. The resulting clones are smaller however due to a reduced time for proliferation. As expected when we examined mwh clones we found an increase in frequency and a decrease in size when clones were induced at later ages ( Figure 4 ). flr mutant clones induced 4-5 days after egg laying were recovered at a similar frequency to the mwh clones and they were of similar size. However, clones for strong flr alleles induced 3-4 days ael contained significantly fewer cells than those induced at 4-5 days after egg laying.
Thus, flr mutant cells were lost over time. For the hypmorphic flr 4 allele the 3-4 day and 4-5 day clones were of similar size. This could be due to these cells stopping proliferating or to cell death balancing continued growth. Almost no flr clones were recovered from wings when clones were induced from 2-3 days ael. Consistent with the mechanism of cell death being due to a failure of cytokinesis occasional polyploid wing cells (identified by their size ) were seen in wings with flr clones (data not shown).
The tsr (twinstar) gene encodes Drosophila cofilin, which is required for cell viability (GUNSALUS et al. 1995) . Several papers have reported that tsr clones have increased F-actin accumulation, thus mutant cells must be viable under some circumstances (BAUM et al. 2000; BAUM and PERRIMON 2001) . A likely explanation is that like flr, tsr mutant cells might survive for some time due to perdurance of wild type gene product. If so would they also display a flr like epidermal hair phenotype? To test this we induced tsr mutant clones in larvae of various ages and examined adult wings. When clones were induced from 4-5 days ael, small clones that displayed a strong flr-like hair phenotype were seen ( Figure 2BE ). These clones were rarely larger than 8 cells (the largest clone we found was 20 cells) and inducing clones earlier in development did not result in larger clones (data not shown). Indeed, few clones were recovered when they were induced 3-4 days ael. The mutant hair phenotypes and observations on clone recovery suggested the tsr phenotype was slightly stronger than flr. Consistent with the hypothesis that flr and tsr functioned together we found that reducing tsr gene dose from two to one enhanced the phenotype of flr hypomorphs resulting in lethality (i.e. tsr slingshot (ssh) encodes a phosphatase that reverses the phosphorylation mediated inactivation of cofilin (NIWA et al. 2002) . ssh mutant clones produce epidermal hairs that are often split, multipled and deformed (NIWA et al. 2002) . We examined ssh clones on the wing found a range of phenotypes that were similar to weak to moderate flr clones (Figure 2 ). Large ssh clones were obtained and we saw no evidence for ssh being required for cell viability. This was consistent with results reported previously by others (NIWA et al. 2002) .
flr and actin stability: We examined the flr mutant phenotype in pupal wings in both marked clones and in hypomorphic wings and found a dramatic cell autonomous increase in the level of F-actin ( Figure 2G -L). Similar increases in F actin accumulation have been reported for both tsr and ssh mutant clones and we confirmed these results ( Figure 2M -X) (BAUM et al. 2000; BAUM and PERRIMON 2001; NIWA et al. 2002) . The increase in F actin was seen both prior to and during hair morphogenesis.
In Z sections increased F actin could be detected both apically and basally ( Figure S2 ). To compare the relative phenotypes of flr, tsr and ssh we examined F actin accumulation in clones mutant for each of these in parallel experiments (Figure 2 ). Dramatic increases were seen in for all three although our qualitative evaluation of the phenotypes was that tsr ≥ flr > ssh. This was similar to the ranking with respect to cell lethality and hair morphology and suggested all of these phenotypes had a similar basis.
It is interesting that in many ssh clones we did not see a dramatic pupal hair phenotype, as might be expected from the adult hair phenotype. Growing ssh mutant hairs often appeared longer, thicker and brighter staining than their wild type neighbors, but were not notably distorted (Figure 2 ). This suggested that the ssh hair phenotype might be due in part to an inability to depolymerize F-actin late in hair morphogenesis.
Biochemical studies done on cofilin and AIP1 from a variety of sources argue that these proteins serve to promote actin filament disassembly (BRIEHER et al. 2006; CLARK et al. 2006; MOHRI et al. 2006; MOHRI and ONO 2003; MOHRI et al. 2004; OKADA et al. 2006; ONO et al. 2004; RODAL et al. 2005) . In vivo evidence for this has been obtained in yeast (OKADA et al. 2006) . To determine if FLR promoted actin filament disassembly in fly cells we cultured pupal wings and wing discs that contained marked flr clones for varying periods of time in the presence of Latrunculin A (Lat A).
These tissues were then fixed and stained for F-actin with a fluorescent phalloidin. Lat-A binds to actin monomers and prevents them from being incorporated into new actin filaments. Thus, in cells cultured with Lat-A no new actin filaments are formed (nor old ones extended) and we can follow the disassembly of preexisting actin filaments (OKADA et al. 2006) . In experiments on both pupal wings and wing discs (and in control experiments on other tissues) we observed that different cellular actin filaments disappeared at different rates. For example, muscle actin filaments were quite stable. Even after 90 minutes in Lat-A actin filaments in muscle (body wall or gut) did not appear to be changed ( Figure S3 ). In contrast, dispersed cytoplasmic actin filaments in a variety of cells types (e.g. pupal wing cells, wing disc cells, and salivary gland cells) were rapidly lost during culture in Lat-A ( Figure   5A -J, Figure S3 ). From casual observation it appeared that flr mutant clone cells did not lose phalloidin staining as rapidly as their wild type neighbors. To quantify this we compared the level of phalloidin staining of mutant cells with their wild type neighbors (see methods for details). Prior to culture in Lat-A, flr mutant cells had a 4-5 fold higher level of phalloidin staining than neighboring wt cells. This increased during culture in the presence of Lat-A to 10 fold or greater ( Figure 5K ). Such changes were not seen when cells were cultured in the absence of Lat-A ( Figure 5K ). Thus, F-actin was more stable in the mutant than wild type cells. The kinetics of loss of phallodin staining varied somewhat from experiment to experiment. We suspect that this is due to variation in the rate of uptake of the Lat-A in the cultured pupal wings. This tissue is very fragile and we were only able to obtain good viability if the tissue was left within its sac of pupal cuticle, which likely provided a partial barrier to uptake of the drug. The presence of the pupal cuticle results in wings tending to float, which further increases the possibility of altered kinetics of drug uptake.
The experiments described above, were done on pupal wings prior to hair formation, which occurred about 32 hr after white prepupae. In several experiments we also examined flr clone bearing pupal wings that were in the process of hair formation. Wild type cell F-actin hair staining was relatively resistant to Lat-A treatment ( Figure 5F -J), although with long incubations (40-90 minutes)
we did often see a reduction in staining. Dispersed F-actin staining remained quite sensitive to Lat-A in these wings thus the stability of hair staining appears to be due to greater F-actin stability in the hair subcellular compartment and not to slower uptake of drug.
flr mutations disrupt the microtubule cytoskeleton:
The dramatic hair and increased F-actin phenotypes of flr, tsr and ssh mutant cells suggested the possibility that other aspects of cell structure might be disrupted. To test this possibility we examined mutant clones by immunostaining with antitubulin and anti-acyl-tubulin antibodies. Clones of flr ( Figure 6 ) and tsr (data not shown) cells showed highly increased staining using both antibodies. This was seen both prior to and during the process of hair morphogenesis. The increase and alteration in tubulin immunostaining appeared quite similar to that for the actin cytoskeleton with substantial co-localization of the staining. This suggested the possibility that the increased microtubule staining was a consequence of the increased levels of F-actin.
Only a weak and variable increase in anti-tubulin staining was seen in ssh clone cells (data not shown).
This could be due to the increase in F-actin often being less dramatic in ssh clone cells than in flr or tsr cells.
We also stained flr, tsr and ssh clones using anti-armadillo antibody and did not see any consistent differences between mutant and wild type neighbors indicating that the adherens junctions were normal ( Figure 3G-I) . Similar results were also obtained using anti-DE-cadherin antibodies on flr and ssh mutant cells. Thus, basic apical basal polarity did not appear to be altered. Some mutant cells in flr clones showed a substantially increased level of anti-DE-cadherin immunostaining compared to their wild type neighbors but this was not a consistent result and its significance is unclear.
flr and wing planar polarity: Recently it was found that a viable hypomorphic tsr genotype resulted in planar polarity phenotypes and that the asymmetric accumulation of planar polarity proteins was disrupted (BLAIR et al. 2006 ). The conclusion of this paper was that the actin cytoskeleton was not only the target of the planar cell polarity pathway but was also required for the function of the pathway.
In examining flr clones in adult wings we found occasional clones where a neighboring wild type cell produced either multiple hairs or a hair of obviously abnormal polarity ( Figure 7CD ). The frequency of detecting such clones varied from 9% to 3% (total n=599 clones) in experiments that involved 3 different alleles ( flr 4 , flr 6 and flr 5 ) and two ways of generating clones (e.g. vg-Gal4 UAS-flp vs hsflp). We also found this to be the case for tsr clones (8% of clones (n=710) but it was seen much less frequent for ssh clones (less than 1% of 365 clones). This behavior is also seen for clones mutant for essentially any of the planar polarity genes suggesting that in the PCP pathway was not functioning normally in flr cells (ADLER 2002; PARK et al. 1996) . To test this we immunostained pupal wings bearing marked flr clones using an anti-Stan/Fmi monclonal antibody (CHAE et al. 1999; USUI et al. 1999) . We found that the normal zig zag staining of the Stan protein was disrupted ( Figure 7AB ). In some cells the protein accumulated on an anterior/posterior boundary and in some cases the disruption extended into neighboring wild type cells. DISCUSSION cofilin and AIP1: At first glance, the relationship between cofilin and AIP1 appears to be simple; however, it shows some complexity and differenseces between organisms. In yeast it is clear the two proteins function together to promote actin filament disassembly, but the data argue strongly that cofilin is the more important of the two. The cofilin gene is essential, while AIP1 null mutant cells are viable and show only subtle actin cytoskeleton abnormalities (CLARK et al. 2006; OKADA et al. 2006; RODAL et al. 1999) . Biochemical experiments also argued that AIP1 has no actin depolymerizing activity on its own (OKADA et al. 1999; ONO 2003; RODAL et al. 1999) . Hence, AIP1 can be considered to be a co-factor that regulates/stimulates cofilin activity. Previous data had suggested that at AIP1 might be functionally more important in organisms other than yeast. For example, AIP1 had been found to have a role in cytokinesis in both Dictyostelium and mammalian cells (FUJIBUCHI et al. 2005; GERISCH et al. 2004; KONZOK et al. 1999) . The data in this paper show that in Drosophila at the genetic level cofilin (tsr) and AIP1 (flr) are functionally of similar importance. Data previously published (BLAIR et al. 2006; GUNSALUS et al. 1995) or reported in this paper established that both genes were essential for organismal and cell viability, that mutations in either gene resulted in grossly deformed epidermal hairs, an abnormal accumulation of F-actin and microtubules and interfered with the functioning of the frizzled based planar cell polarity system. The cellular phenotypes of tsr clones appeared on average slightly stronger than those of flr, but the end point for both types of clones was the same (death) and the strongest cell viable phenotypes were equivalent. Hence, we suggest the differences were due to greater perdurance of flr protein and/or mRNA. It remains unclear why cofilin appeared to be of substantially greater importance than aip1 in yeast, while that was not the case for fly cells. Part of the explanation could be due to both cofilin and AIP1 being required for cytokinesis in fly (and presumably other animal cells). This is essential for animal cells, but budding yeast do not carryout cytokinesis. A complete explanation however, will require the identification of an essential process in yeast that requires cofilin, but not AIP1. Once such a process is identified it will be interesting to examine this in fly cells. The phenotypes of ssh clones stand in contrast to those of tsr and flr. While there was substantial overlap, the ssh clones phenotypes were less severe and as reported previously (NIWA et al. 2002) ssh does not appear to be required for cell viability as are tsr and flr.
How do mutations in these genes alter the MT cytoskeleton? Extensive genetic and biochemical
experiments with cofilin and AIP1 from other systems have established these proteins as being key players in the turnover of actin filaments (CLARK et al. 2006; ONO 2003; PAAVILAINEN et al. 2004 ).
Thus, it was not surprising that mutations in both of these genes lead to dramatic over accumulation of F-actin in fly epidermal cells. However, none of the published data suggested that there would also be a dramatic increase in tubulin immunostaining, which we detected in wing cells. What is the basis for this? We suspect that the increase in tubulin immunostaining was due to a localized accumulation of polymerized microtubules and not to an overall increase in cell tubulin abundance, although we could not test this biochemically due to our inability to obtain a pure population of mutant cells. If we assume this is the case there are two possible mechanisms to explain the increase in tubulin immunostaining. One is that cofilin and AIP1 directly function to to promote microtubule depolymerization, much as they do to promote actin filament disassembly. We think this hypothesis is unlikely. Since both flr and tsr mutations resulted in a similar increase in tubulin immunostaining both genes/proteins would have to share this unknown function. Both cofilin and AIP1 have been extensively studied biochemically and we are not aware of any report that these proteins can interact with microtubules or tubulin. In addition, extensive genetic experiments, particularly in yeast have failed to show any evidence for a genetic interaction between either cof1 or aip1 and tubulin or microtubule components. An alternative hypothesis is that flr and tsr mutations result in an increased concentration of F-actin and this in turn results in increased tubulin staining. There is a substantial literature on proteins that mediate connections between the actin and microtubule cytoskeletons (e.g. ROPER et al. 2002) ) although none of the interactions are as dramatic as the one we found. One example of a gene that encodes a protein that links the actin and microtubule cytoskeletons and that function in the morphogenesis of the fly wing is short stop (shot), which encodes a member spectraplakin family. However, it is unlikely that this protein plays an important role in linking the actin and microtubule cytoskeletons during hair morphogenesis as shot mutant wing cells produce normal looking hairs (ROPER et al. 2002) .
Planar polarity and the actin cytoskeleton:
We found that clones of flr mutant cells resulted in disorganized Stan/Fmi accumulation in clone cells and in neighboring wild type cells. We also found by examining adult wings that flr and tsr clones sometimes produced planar polarity-like phenotypes in neighboring wild type cells. These observations are consistent with the previous demonstration that tsr function is essential for the development of normal planar polarity (BLAIR et al. 2006) . In that paper a hypomorphic tsr genotype produced relatively strong planar polarity phenotypes, without producing any notable hair morphology phenotype. One difference between our results and those of Blair et al (BLAIR et al. 2006 ) is that we only saw planar polarity phenotypes in or next to flr clones that produced abnormal hairs. We did not see such phenotypes in regions of wings from viable hypomorphs where hair morphology was normal. The observations that planar polarity phenotypes are can arise from mutations in tsr, flr and Lim kinase (BLAIR et al. 2006) argue strongly that this is a consequence of defects in actin dynamics. We cannot rule out the hypothesis that the planar polarity phenotypes involve the indirect disruption of the microtubule cytoskeleton.
Why are flr mutant wing hairs so abnormal? The hairs produced by both flr and tsr wing cells are far more abnormal than those seen due to mutations in genes that encode actin bundling proteins (BRYAN et al. 1993; PETERSEN et al. 1994) , capping protein (FRANK et al. 2006; HOPMANN et al. 1996; HOPMANN and MILLER 2003) , cytoplasmic myosins such as myosin VII (KIEHART et al. 2004; TURNER and ADLER 1998) , or other proteins thought to modulate actin polymerization such as profilin (VERHEYEN and COOLEY 1994) were the case we predict that early hairs would look normal but that later ones would get progressively more abnormal. Some evidence supporting this possibility was obtained. Occasional ssh pupal wing clone cells had hairs that appeared relatively normal except for being longer, thicker and brighter staining than their wild type neighbors. We expect that these cells went on to produce abnormal adult cuticular hairs due to a defect in late stages of morphogenesis. We did not see such hairs in flr and tsr mutant cells as for these mutations hairs were abnormal from the start of hair morphogenesis. This could be due to these mutations producing on average much more severe cellular phenotypes. Even for ssh a late function is unlikely to be the whole story as early ssh hairs were often abnormal. Indeed cells mutant for any of these genes showed increased levels of F-actin at all times observed from third instar wing discs to pupal wings before, during and after hair morphogenesis. It is also worth noting that other experiments showed that hair F-actin is much more stable than general cellular F-actin.
Thus, we expect that hair morphogenesis would be relatively insensitive to a decrease in F-actin disassembly. Further evidence against the hair phenotype being a due to a direct effect on hair F-actin disassembly is that the Flr protein did not accumulate in growing hairs.
A second possibility is that the hair defect in flr and tsr mutant cells is a consequence of the buildup of stable F actin in the cell leading to a lack of G actin required for hair growth. We cannot rule out this hypothesis, however in those cases where we could see a discrete mutant hair it did not stain less strongly for F-actin as would be predicted by this hypothesis. Further, the inhibition of actin polymerization with drugs such as Latrunculin A does not phenocopy the blebs and ridges so prominent in flr and tsr mutant hairs (GENG et al. 2000; HE and ADLER 2002; TURNER and ADLER 1998) .
A third possibility to explain the grossly abnormal hair morphology phenotypes of flr, tsr and ssh is that the actin cytoskeleton is involved in multiple aspects of hair morphogenesis and that the phenotype is due to additive effects (Figure 8 ). The morphogenesis of the hair is known to be under at least two types of control -spatial and temporal. The activity of the fz based planar/tissue polarity system restricts hair initiation to the distal most part of the apical surface of cells (WONG and ADLER 1993) . Temporal control of hair initiation is likely to involve the turn on of expression of shavenoid/kojak (HE and ADLER 2002; REN et al. 2006) , perhaps due to its expression being regulated by the shavenbaby and/or grainy head transcription factors (CHANUT-DELALANDE et al. 2006; LEE and ADLER 2004) . The planar cell polarity (PCP) proteins are known to become restricted to the proximal and distal sides of cells and it is generally believed that feedback interactions between these proteins lead to the formation of these two protein domains (AMONLIRDVIMAN et al. 2005; TREE et al. 2002) .
There is evidence that both the microtubule and actin cytoskeletons serve to organize intracellular transport to help establish these domains (BLAIR et al. 2006; SHIMADA et al. 2005) . Defects in actin disassembly could interfere with the formation of these domains (BLAIR et al. 2006) . The initial formation of the PCP domains could polarize the microtubule and/or actin cytoskeletons to direct intracellular transport of PCP proteins to the correct domains providing the system with positive feedback. It is likely that the PCP proteins function by localizing the activity of downstream effector proteins. One of these, the Inturned protein has been found to be localized to the proximal side of wing cells under the direction of the PCP proteins ). This localization is also likely to require the activity of the actin and microtubule cytoskeletons and disruption of these can at least partially phenocopy inturned mutations (TURNER and ADLER 1998). The activity of the PCP and PCP effector proteins likely results in one or more proteins localizing at and marking the site for hair initiation. Once this site is selected the growth of the hair will presumably involve the extension of the membrane and the transport of hair building proteins into the growing hair. This is another cellular function that is likely to involve the cytoskeleton and once again we anticipate this will involve a positive feedback system. For example, a mark at the distal tip of a growing hair could recruit and polarize the cytoskeleton to direct intracellular transport into the hair to drive outgrowth as well as to further stabilize the mark and maintain cytoskeleton organization. This could be the basis for the cytoskeleton based refinement process that is needed for insuring a single hair is formed (ADLER 2002) .
This would be analogous to what is seen in budding yeast (PRUYNE et al. 2004 ) and migrating cells (DORMANN and WEIJER 2006; ETIENNE-MANNEVILLE 2004; KODAMA et al. 2004) . et al. 2005) . This combined with an intra-planar polarity protein feed back inhibition leads to the establishment of proximal and distal domains (TREE et al. 2002)(B) . These domains could enhance the bias to the microtubule cytoskeleton providing a further feed back enhancement. The establishment of PPP domains lead to the formation of domains of planar polarity effector proteins (PPEP) (C). At this time this has only been documented for Inturned at the proximal side of wing cells . Note that the mutant wing cells are distorted with their more apical half displaced from their more basal region. This is common in wild type and flr mutant pupal wing cells. Figure S3 . Panels A-D show phalloidin stained gut after 0, 5, 35 and 50 minutes of culture in Lat-A.
Note that the muscle fiber staining is not noticeably altered. Panels E -H are equivalent images of cultured salivary gland cells. The arrows point to the cell cortex, which shows relatively strong actin staining and the arrowheads to actin accumulations seen in these cells. Note that the dispersed actin staining is the least stable followed by the cortical staining. Note that all actin compartments in salivary gland cells are less stable than the gut muscle actin.
